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Subcooled liquid solubility is the water solubility for a hypothetical state of liquid. It is an important
parameter for multicomponent nonaqueous phase liquids (NAPLs) containing polycyclic aromatic
hydrocarbons (PAHs), which can exist as liquids even though most of the solutes are solid in their pure
form at ambient temperature. So far, subcooled liquid solubilities were estimated from the solid water
solubility and fugacity ratio of the solid and (subcooled) liquid phase, but rarely derived from experi-
mental data. In our study, partitioning batch experiments were performed to determine the subcooled
liquid solubility of PAHs in NAPL-water system. For selected PAH, a series of batch experiments were
carried out at increased mole fractions of the target component in the NAPL and at a constant NAPL/
water volume ratio. The equilibrium aqueous PAH concentrations were measured with HPLC and/or GC-
MS. The subcooled liquid solubility was derived by extrapolation of the experimental equilibrium
aqueous concentration to a mole fraction of unity. With the derived subcooled liquid solubility, the
fugacity ratio and enthalpy of fusion of the solute were also estimated. Our results show a good
agreement between the experimentally determined and published data.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Water solubility, Si, is one of the most important physico-
chemical parameters that affects the fate and transport of chem-
icals in the environment, especially in subsurface systems or
groundwater. Many organic contaminants occur in the environ-
ment as components of multicomponent mixtures, e.g., coal tar,
crude oil, creosote and petroleum-derived products. These
mixtures are present in the environment as separate organic liquid
phases, commonly referred to as nonaqueous phase liquids (NAPLs)
although most of their individual components are solids in their
pure form at ambient temperature. For those components, theof Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and Pwater solubility in equilibriumwith the NAPL is determined by the
solubility of the compounds in a liquid state, subcooled liquid,
a hypothetical state of the liquid rather than the solid solubility.
This water solubility is speciﬁed as subcooled liquid solubility, Si,sub
(mg L1).
The Si,sub (mg L1) depends on molecular interactions of the
compound in its pure liquid state and can be derived from the
solids solubility Si based on the fugacity ratio of the pure solid (f s) to
the subcooled liquid (the reference state, f l) (Kan and Tomson,
1996) f s/f l:
Si;sub ¼
Si
f s=f l
(1)
In Eq. (1) fs/fl is a state function of the solute at a ﬁxed temperature
and it can be evaluated from its thermodynamic properties
(Prausnitz et al., 1986; Peters et al., 2000):
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where DHm (kJ mol1) is the enthalpy of fusion at the triple point
temperature Tt, T (K) is the system temperature, R (kJ mol1 K1) is
the universal gas constant, and DCp (kJ mol1 K1) is the differenceeking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Equilibrium aqueous phase concentrations vs. mole fractions and regression
data.
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allows computation of the reference fugacity ratio for a compound
at the system temperature provided that the parameters DHm, Tt
and DCp are known. With the assumption that the melting
temperature of compound, Tm, is approximately equal to Tt and the
heat capacities of solid and liquid i are roughly equal a simpliﬁed
version of the Eq. (2) can be derived:
ln

f s
f l

¼ DHm
RTm

Tt
T
 1

(3)
where Tm values are fairly easy to measure and numerous obser-
vations have been reported for PAHs. However, DHm is difﬁcult to
determine, and only few values have been published so far (Roux
and Temprado, 2008). If not, unavailable values for DHm are often
estimated by:
DHm ¼ Tm DSm (4)
where DSm (kJ mol1 K1) is the entropy of fusion. Yalkowsky
(Yalkowsky, 1979) has shown that the DSm is roughly constant and
approximately 13.5 cal mol1 K1 (56.5 kJ mol1 K1) for rigid
organic substances such as PAHs. This approximation method is
commonly used in many data compilations (Mukherji, et al., 1997;
Peters et al., 1997; Peters et al., 2000; Eberhardt and Grathwohl,
2002). However, numerous conﬂicting Si values have been reported
for some PAHs, and the published data of f s/f l are missing formost of
the PAHs ( Wauchope and Getzen, 1972; Whitehouse, 1984; Reza
et al., 2002; Van Noort, 2004). Signiﬁcant errors of Si,sub occur if
inaccurate values are used for DHm, Tm, Si and f s/f l. In reality, Tm is
a little higher than Tt for some compounds and a little lower for
others (Schwarzenbach et al., 2003). Heat capacity DCp may
become large and introduce addition error as well (Schröeder, et al.,Table 1
Subcooled liquid solubility and enthalpy of fusion.
Compound Sia (mg L1) Si,suba predicted by
Eq. (1) (mg L1)
Tm (C)b Si,sub from
(mg L1) 
Naphthalene 31.7 105.67 80.6 107.7  1.3
2-Methylnaphthalene 25.4 29.53 34.58 36.1  1.4
1-Methylnaphthalene 28 28 22 27.9  1.9
Acenaphthene 3.93 19.65 93.4 17.2  0.0
Phenanthrene 1.18 4.21 99.5 3.05  0.0
Anthracene 0.05 5 215 5.1  0.0
a Data from Peters et al. (1997), (1999).
b From the physical properties database (PHYSPROP) http://www.syrres.com/esc/phys
c From Allen et al. (1999).
d Should be zero since 1-Methylnaphthalene is liquid.2010). Objectives of this study are therefore to set up an experi-
mental method for the determination of Si,sub of PAHs, and ﬁnally to
calculate DHm and f s/f l for the speciﬁc compounds used.
2. Materials and methods
Toluene was used as solvent for the model NAPL because of its
high solubility for organic compounds and its aromatic nature
similar to the target compounds. As such the solvent should
minimize interference with the physicochemical properties of the
solute (Peters et al., 1997; Mahjoub et al., 2000). The PAHs studied
with their associated purities were Naphthalene 98%, 1-
Methylnaphthalene 99%, 2-Methylnaphthalene 99%, Acenaph-
thene 99%, Phenanthrene (Phe) 98%, and Anthracene 99%. They
were obtained from Aldrich except for Phenanthrene, which was
obtained from Alfa Aesar, and used without further puriﬁcation.
Acetonitrile (HPLC-grade) was obtained from Mallinckrodt Baker.
If the solute behaves ideally in the model NAPL, then the
intermolecular interactions in the solvent-solute system are similar
to solvent-solvent and solute-solute interactions in its pure state.
Thus the activity coefﬁcient gi () is unity and the equilibrium
aqueous phase concentration Ci,eq (mg L1) could be calculated
from a simpliﬁed version of Raoult’s law:
Ci;eq ¼ cigiSi;subzciSi;sub (5)
where ci () is the mole fraction of compound i in the solvent-
solute mixture. In this ideal case, measured values for Ci,eq with
increasing ci could be extrapolated to obtain Si,sub at ci equal to one.
Furthermore, a non-linear relationship of Ci,eq and ci indicates that
molecular interactions of a solute in the organic liquid solution are
different to the interactions of the compound in its pure liquid
phase, and gi therefore, deviates from unity depending on
concentration. A general form of Raoult’s law including the rela-
tionship of gi and ci could be used to express the dependency of the
gi on the system composition as used by others in experiments
(Ghoshal et al., 1996) and simulation studies (Lee et al., 1998; Lee
and Chrysikopoulos, 2006). In this case, Si,sub can also be calcu-
lated by a non-linear extrapolation to the point where ci becomes
one if the function could be deﬁned explicitly or implicitly. To
demonstrate the validity of the above proposition a series of batch
experiments were designed and performed in order to determine
the equilibrium aqueous phase concentrations at increasing ci. In
these batch experiments toluene containing the solutes at desired
mole fractions was added tomilliporewater in 5-mL crimp top vials
sealed by a Teﬂon-lined septum. The vial was shaken by hand
gently for a few minutes, and then placed upside down with water
contacting the septum and equilibrated at 20 C for two (Naph-
thalene) to six (1-Methylnaphthalene) hours basing on the results
of preliminary experiments. Before sampling the water, the vials
were centrifuged at 1500 rpm for 3e5 min (at 20 C) to assure
complete separation of solvent and water. Since Anthracene hasbatch experiment
S.D.
f s/f l experimental DHm experimental
(kJ mol1)
DHm
c published
(kJ mol1)
0.294 17.35 18.99
0.704 17.89
1.004 0.05d
1 0.228 17.92 21.46
6 0.387 10.82 16.46
8 0.010 28.11 29.39
prop.htm.
Table 2
Partitioning coefﬁcients (log Pt/w) for of PAHs at different mole fractions.
Mole fraction Sia (mg L1) 0.001 0.005 0.01 0.05 0.1 0.2 0.4 0.6 Average  S.D. Calculateda
Naphthalene 31.7 3.78 3.85 4.02 4.10 4.13 4.03  0.18 4.16
2-Methylnaphthalene 25.4 4.33 4.61 4.55 4.68 4.54  0.15 4.80
1-Methylnaphthalene 28 4.69 4.70 4.74 4.95 5.06 4.83  0.12 4.81
Acenaphthene 3.93 4.89 4.98 4.91 4.95 4.93  0.039 4.89
Phenanthrene 1.18 4.68 5.07 5.32 5.45 5.57 5.22  0.35 5.65
Anthracene 0.05 5.35 5.44 5.55 5.45  0.098 5.74
a Calculated from the polyparameter linear free energy relationship of Satoshi Endo (Endo and Schmidt, 2006).
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ments were conducted at a higher temperature (40  2 C) in
a water bath.
All of the batch experiments were performed in triplicate and
the arithmetic averages were calculated.
For analysis, an aliquot of water was taken from the vials with
a 5 mL glass syringe, and the solute concentrations were measured
directly with HPLC or using GC-MS after extraction with cyclo-
hexane and nitrogen sparging if necessary as described below.
The concentrations of Naphthalene, 1-Methylnaphthalene, 2-
Methylnaphthalene and Phenanthrene were measured by a stan-
dard high performance liquid chromatography (HPLC) system
(Bischoff Analysentechnik und Geräte GmbH, Germany) equipped
with an analytical column (Reversed phase, 125  4.6 mm, Enviro
Sep PP. 5.0 mm, UV, Bischoff). The analyte was eluted by an isocratic
acetonitrile (HPLC-grade)/water (Millipore water) mixture (70:30,
v:v). The eluent was degassed by an online degasser (Degasys, DG-
120, Germany) before entering the HPLC systemwith a ﬂow rate of
0.88 mLmin1 and pressure of 5.6 MPa. The samplewas introduced
into the column by a ﬁxed volume injection-loop-valve (20 mL) at
ambient temperature. An UV detector with a wavelength setting of
254 nmwas utilized. Data were recorded and integrated manually.
Acenaphthene and Anthracene were measured by GC-MS because
of the lower detection limit. Here, the aqueous sample (1e1.5 mL)
was spiked with internal standards (acenaphthene-d10 and phen-
anthrene-d10 toluene solution) and extracted by 0.5e1 mL cyclo-
hexane depending on the estimated concentration. Gas
chromatography (HP 5890/II) connected to a mass selective
detector (HP 5972 MSD) was used. Analytes were separated using a
30 m  0.25 mm DB-5 MS column (J&W Scientiﬁc) with 0.25 mm
ﬁlm thickness. The injector temperature was 270 C and injection
volume was 1 mL in splitless mode. Helium was the carrier gas at
a constant ﬂow of 0.6 mLmin1. The oven temperature was held for
2 min at 50 C, then increased at a rate of 8 C min1 to 90 C,
followed by a rate of 18 C min1 to 270 C held for 10 min, and
ﬁnally raised to 310 C at a rate of 10 C min1 (held for 6.5 min).3. Results and discussion
Si,sub was obtained by extrapolating measured values for Ci,eq
to amole fractionofone, as showninFig.1.Ci,eq increases linearlywith
ci for Naphthalene, 2-Methylnaphthalene, 1-Methylnaphthalene,
Acenaphthene and Anthracene indicating ideal behaviour of
those components in toluene. The activity coefﬁcients of these
components, gi should therefore be approximately one. Subse-
quently, Si,sub can be predicted by linearly extrapolating ci to unity
for the solid compounds of Naphthalene, 2-Methylnaphthalene,
Acenaphthene and Anthracene. 1-Methylnaphthalene, which is
liquid at ambient temperatures (melting point is 22 C), allows to
test the method. The extrapolated value of Si was 27.9 mg L1 which
matches very well with the values reported in literature. The
reported solubility was 28.0 mg L1 (Donald et al., 1992; Peters
et al., 1997) and 26e28 mg L1 (Verschueren, 1996). For Phenan-
threne the relationship between Ci,eq and ci was non-linear, whichindicates deviation from ideality. In this case the activity coefﬁcient is
a function of ci and signiﬁcantly larger than one at low concentration
and decreasingwith increasing ci until one is reached theoretically at
ci ¼ 1. This non-ideality may be attributed to the weak attractive
interactions between the Phenanthrene molecule and the water
molecule and/or the very high free energy costs for the cavity
formation in the toluene solution at low c.
With known Si and the extrapolated value of Si,sub, the value of
f s/f l can be calculated directly according to Eq. (1), and DHm can be
estimated as well according to Eq. (3) with a given Tm. All of the
extrapolated and computed data are listed in Table 1, and the
extrapolated Si,sub and DHm are comparable with the published
data, especially for Naphthalene and Anthracene. For the test
compound 1-Methylnaphthalene, DHm was basically zero as ex-
pected for a liquid compound. Only slight deviations from pub-
lished data exist for 2-Methylnaphthalene, Acenaphthene and
Phenanthrene (see Table 1). Deviations may be due to measure-
ment errors at low concentrations, subtle nonidealities of the
solute-solvent system, or may simply reﬂect the uncertainty of
the parameters (e.g., Tm, Si, f s/f l and DHm) in the references. Overall,
the results prove the validity and practicability of the partitioning
batch experiments which allow to determine important physico-
chemical parameters such as Si,sub.
Furthermore, toluene-water partitioning coefﬁcients Pt/w were
calculated from the equilibrium concentration of the compounds i in
toluene, Ci,t and Ci,eq (Table 2), and the arithmetic average was calcu-
lated via Pt/w at different mole fractions. It shows clearly that for
different PAHs, the average Pt/w and the Pt/w for an identiﬁed ci
increase with the decrease of water solubility as expected. In most
casesPt/w increases slightlywith increasingcexceptofAcenaphthene,
this isprobablydue tothegiofPAHs intoluenechangesslightlywithc.
The bottleneck to the extensive exploitation of this method
lies in the limited solubility of PAHs in organic solvents at ambient
temperatures. The maximum ci determined in this work was at ca.
0.5 for Naphthalene and it could be higher for 1-Methylnaphthalene,
but much lower for the other compounds. Measurements at higher
temperatures and/or other solvents may improve the applicability
of themethod. However, for Anthracene the elevated temperature of
40 C limited ci to 0.01, using 1-Methylnaphthalene as the solvent in
a ﬁrst test did not signiﬁcantly increase the solubility of the solutes.
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